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ABSTRACT 
The metal-semiconductor-metal transition in dense lithium is considered as an archetype of 
interplay between interstitial electron localization and delocalization induced by compression, 
which leads to exotic electride phases. In this work, the dynamic dielectric response and optical 
properties of the high-pressure electride phases of cI16, oC40 and oC24 in lithium spanning a wide 
pressure range from 40 to 200 GPa by first-principles calculations are reported. Both interband and 
intraband contribution to the dielectric function are deliberately treated with the linear response 
theory. One intraband and two interband plasmons in cI16 at 70 GPa induced by a structural 
distortion at 2.1, 4.1, and 7.7 eV are discovered, which make the reflectivity of this weak metallic 
phase abnormally lower than the insulating phase oC40 at the corresponding frequencies. More 
strikingly, oC24 as a reentrant metallic phase with higher conductivity becomes more transparent 
than oC40 in infrared and visible light range due to its unique electronic structure around Fermi 
surface. An intriguing reflectivity anisotropy in both oC40 and oC24 is predicted, with the former 
being strong enough for experimental detection within the spectrum up to 10 eV. The important role 
of interstitial localized electrons is highlighted, revealing diversity and rich physics in electrides. 
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INTRODUCTION 
Pressure alters the state of matter by squeezing electrons into smaller space and modifying the 
interaction between particles. It is not surprising that metals are usually anticipated to become more 
“metallic” at high pressures due to expected broadening of the bandwidth and ensued overlapping 
of electronic orbitals. However, the high-pressure behavior of matter sometimes is counterintuitive 
and convoluted. Lithium, as the simplest metallic element, is an archetype of how pressure turns a 
metal into insulator and induces intricate and fascinating phenomena. Since 1960s, the unusual 
increase in the electric resistivity of lithium at a hydrostatic pressure of 30 GPa as observed in the 
Bridgman anvil1,2, and at dynamic 60 and 180 GPa as observed by shock compression method3,4, 
has attracted considerable attention, for it indicates that lithium might deviate from the usually 
expected simple metal behavior. In fact, the bcc structure of lithium at ambient conditions will 
convert to an fcc structure at 7 GPa under compression, which then transforms to a low symmetry 
cubic polymorph phase cI16 through an intermediate rhombohedral structure hR1 at about 39 GPa, 
as discovered by synchrotron X-ray powder diffraction experiments5.  
With pressure increased, the Fermi surface of lithium is substantially distorted by excitation of 
electrons to p orbitals and making s-p hybridization, which then leads to an extended nesting 
structure, as well as the consequent phonon softening6,7. This gives rise to an anomalous melting in 
lithium compared to other ordinary metals, in which the melting temperature increases to a 
maximum and then decreases continuously under further compression starting from 520 K at ~10 
GPa in the fcc phase8,9. A minimum of the melting curve is reached at 50 GPa in the semi-metallic 
cI16 phase, with a cold melting point as low as 190 K8, the lowest one among all known materials 
at this pressure range. The role of quantum ion dynamics in lithium is evident, considering which 
the accurate theoretical value of melting temperature was obtained as well10. 
Along with this anomaly, the electron-phonon coupling in lithium becomes strong when above 
25 GPa even in the fcc phase. This results in one of the highest superconducting temperature (~20 
K) of elements11-15. The physics behind these peculiar phenomena is that the Coulomb attraction of 
nucleus is reduced greatly for valence electrons at high pressure, as they suffer a strong repulsion 
from core electrons due to the overlap with the inner orbitals, as well as the required orbital 
orthogonality by quantum mechanics. Some valence electrons thus move from the neighborhood of 
ions to the interstitial positions of crystalline structure, and behave as anions, thus forming high-
pressure electrides (HPE)16-19. These localized valence electrons are further enhanced by multi-
centered chemical bondings that hybridize the valence and conduction bands, and then split them 
into bonding and anti-bonding states20. This exotic behavior was proposed for energy gap opening 
in dense lithium17,21-23, and was confirmed by a recent measurement in which a direct visual 
observation of the reflectance change and a distinct jump in the electric resistivity clearly reveals 
the existence of an insulating phase of oC4024. Under further compression, the multi-centered 
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bonding/anti-bonding states overlap again and lithium returns into a semi-metallic electride phase 
of oC24 above 110 GPa22,25,26,27. Similar anomalous phenomena also present in other light alkali 
metals and dense hydrogen28-30. Especially the s to p electronic excitation in hydrogen has been 
predicted to result in a deep melting minimum31,32 and a mobile solid phase33. The interstitial 
electrons are also shown to be crucial to mix the unmixable lithium and sodium to form an 
interesting insulating electride alloy34. 
The prominent variation of the atomic and electronic structure in dense lithium induced by 
pressure should also reflect in physical properties, especially in the vicinity of the boundaries of the 
metal-semiconductor-metal transition. Dynamic response and optical properties are indispensable 
for the purpose to acquire a thorough understanding of the high-pressure anomalies in dense 
lithium34. They could provide important information on exotic collective and excitation behavior of 
valence electrons under an external electric field or interacting with light, which otherwise are not 
obvious from the bare band structure. These include the zone boundary collective state (as in the 
bcc phase) and the undamped interband low-energy plasmon that leads to a suppression of the 
reflectivity (as in the fcc phase) for lithium35-38. Such kind of pressure-induced interband plasmon, 
is not unique to lithium39,40, and cannot be described within the free-electron model41.  
So far, most theoretical calculation and analysis on dense lithium mainly focused on the static 
crystalline structure and ground-state band structure. The optical properties beyond fcc phase have 
not been systematically analyzed yet. Considering the drastic change in the crystalline and electronic 
structure through the metal-semiconductor-metal transition, it is imperative to explore how the 
optical properties of these HPE phases will evolve under compression. Especially, whether the 
localized interstitial electrons contribute significantly to the dielectric response? And how it will 
change at higher pressure beyond 100 GPa? In this work, we comprehensively investigate the 
dynamic dielectric response and optical properties of lithium at high pressure by first-principles 
calculations, mainly concentrating on the three intriguing HPE phases of cI16, oC40 and oC24. The 
intermediate phase oC88 is not considered here for its narrow pressure range of stability22. The 
structural details about these high-pressure phases will be covered in next section. We will then 
explore the optical properties of lithium from 40 to 200 GPa thoroughly, including the reflectivity, 
the electron energy-loss spectroscopy (EELS) and the optical conductivity. Both the intraband and 
interband contributions are carefully treated with the linear response theory. The property in the low 
energy regime of the spectra, especially within the visible light range, is highlighted for its 
importance and tight connection with experiments. Ground-state electronic structure and analyses 
are reported as well, which are prerequisite to interpret the optical spectra. Our investigated pressure 
range overlaps the transition point of the 2s → 2p excitation. Therefore, the influence of this 
excitation on the s-p hybridization, as well as the impact on the optical properties, are also discussed. 
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RESULTS 
A. Weak metallic electride phase cI16 
cI16 belonging to the space group 𝐼4̅3𝑑 is a distorted phase of bcc by separating one pair of 
lithium ions on the diagonal by a distance of 𝑥 . The atoms locate at the 16c Wyckoff positions, so 
that one internal coordinates (𝑥, 𝑥, 𝑥) is sufficient to represent the crystalline structure uniquely. For 
example, it takes (0.05,0.05,0.05) at 39.8 GPa5. cI16 is a HPE phase and the interstitial electrons 
locate at the vertices of an equilateral triangle perpendicular to the other diagonal of the bcc structure 
as shown in supplementary Fig. s3. The electronic structure of cI16 is unique (Fig. 1). It not only 
exhibits a minimum of density of states (DOS) at the Fermi level, which is a characteristic of semi-
metal, but also has almost degenerate bands near the Fermi surface, occurring along Γ − H, N − Γ, 
Γ − Z in the reciprocal space. These bands are adjacent to each other when crossing the Fermi level, 
and lead to low-energy interband transitions, which should be reflected in the low frequency range 
of the optical spectra.  
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FIG. 1. Calculated electronic band structure and density of states of cI16 at 40 GPa. The circle size in the left panel 
is proportional to the band s-character. The right panel is the corresponding density of states projecting onto an ion 
and an interstitial quasiatom(ISQ). The arrows (and the numeric numbers) in the left panels indicate the interband 
transitions that make a major contribution to the respective peaks in the imaginary part of the dielectric function as 
shown in Fig. 2. 
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Five distinct peaks can be found in the imaginary part of the interband dielectric function (DF) 
for cI16 at 40GPa, as shown in Fig. 2(a). The second, third, fourth and fifth peak (at 1.5, 2.8, 7.1 
and 7.9 eV, respectively) are consistent with the previous calculations by Alonso et al. 42. These 
peaks are mainly associated with the transitions near the N point in the reciprocal space, as the band 
structure and the high density of the states around this point indicate, which are marked out by 
arrows in Fig. 1. For example, the transition at N point from the −0.3 eV states to the 1.3 eV states 
matches the position of the second peak at ~1.5 eV very well. For the peak 4, the parallel bands 
between H and N as the dashed arrows indicate in Fig. 1 also enhance the magnitude of the dielectric 
response. The discrepancy of the first interband peak with Ref. 42 (possible reasons are discussed in 
Supplementary Material) is not significant in physics, because the intraband contribution dominates 
in this frequency range.  
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FIG. 2. Dynamic dielectric function (DF) of cI16 calculated with different methods at 40 GPa: (a) the imaginary part 
and (b) the real part. The solid lines denote the interband part of the DF calculated in the first step by using the DFT 
method. The lines with filled circles or triangles denote the total DF calculated in the second step by using the GW 
module, including the LFEs or in the IPA (details in Methods section), respectively. The inset panels show the DF in 
a wider frequency range of 4-12 eV. The open triangles are the computational results of the interband DF by Alonso 
et al.42.  
The cI16 phase at 40 GPa is also taken as an example to demonstrate the contribution of 
intraband transitions and the crystalline local field effect (LFE). As Fig. 2 shows, the characteristics 
of metal in cI16 phase of lithium are evident when below 1 eV. It has a strong intraband contribution 
which can be described by the Drude model. However, the intraband contribution is negligible when 
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above 1.5 eV. The LFEs are determined to be small but important in cI16, which move the whole 
spectra slightly to lower frequency. They even make the value of ε1 become positive at ~1.2 eV and 
modify the frequency of the interband plasmon at ~8.2 eV by 2 eV as shown in Fig. 2(b).  
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FIG. 3. Variation of the calculated reflectivity of dense lithium across the three HPE phases under increasing pressure 
as a function of frequency. The shadow region denotes the visible light regime. The line with open squares was 
obtained by using a structure of cI16 at 70 GPa but fixed the internal atomic coordinate x to that value of 40 GPa. It 
represents an approximate intermediate stage of cI16 evolving from 40 GPa to 70 GPa. The drastic deviation from 
the results of the optimized cI16 at 70 GPa highlights the importance of the local atomic structure to the optical 
properties.  
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FIG. 4. Variation of the calculated electron energy-loss spectroscopy (EELS) of dense lithium across three HPE 
phases under increasing pressure as a function of frequency. Note the splitting of the main EELS peak in cI16 phase 
into two smaller ones when pressure was increased from 40 GPa to 70 GPa, in view of which the importance of the 
local structure optimization is evident.  
The reflectivity and the EELS of cI16 and fcc phase at 40 GPa were calculated and shown in 
Figs. 3 and 4. Our reflectivity data of the fcc phase agree with the calculations by Silkin et al.35, 
where the reflectivity has a value above 0.9 up to 5.8 eV and is then strongly suppressed by the 
interband plasmon at 6.0 eV. The reflectivity of cI16 by our calculations in the infrared region is 
about 0.3 smaller than fcc, namely, reduced by 40%, due to the LFE-induced small value in 𝜀1 at 
1.2 eV. This is in qualitative agreement with the previous experiment that the reflectivity in visible 
near infrared range exhibits a jump when transition from fcc to cI16 phase43. The subtle details of 
the computed dynamic spectrum at 40 GPa, however, is a little bit different from the experiment 
at 36 GPa, as detailed in supplementary Fig. s4. Optical properties sensitively depend on atomic 
structure, as revealed in Fig. 1. There is a complex phase transition sequence of fcc → hR1 → cI16 
in lithium at around 36~40 GPa. The inevitable pressure gradient across the sample chamber in 
the DAC experiment also could lead to multi-phase coexistence, as well as polycrystallization. All 
these might contribute to the numerical deviations.  
The electronic structure of cI16 changes a lot under further compression, especially at Γ point 
(see supplementary Fig. s5). Increasing the pressure to 70 GPa moves up the states marked as Γ′ in 
Fig. 1 dramatically and forms a new triply degenerate state at ~4.5 eV, resulting in a sharp maximum 
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edge of the density of states at about 4 eV. The lifting and broadening of conduction bands, 
especially those around N point, shifts the peak 1~5 in the imaginary DF to higher frequency. Their 
respective amplitudes are accordingly reduced, except for the peak 4 and 5. The amplitude increase 
of the peak 4 and 5 might be due to the corresponding parallel states along the H -N direction. 
Noticeably, a new peak is split out from the first peak at 0.7 eV at 70 GPa. This corresponds to the 
transitions at the midway between the N and Γ points. The overall trend in the imaginary part of DF 
is that the whole spectrum gradually becomes flat. However, it always obeys the optical f-sum rule44 
∫ 𝜀(2)
∞
0
(𝜔)𝜔𝑑𝜔 =
2𝜋2𝑒2𝑛
𝑚
=
𝜋
2
?̅?𝐷𝑟𝑢𝑑𝑒
2 (𝑛) . (1) 
In the visible light range (1.6-3.2 eV), the reflectivity of cI16 is strongly modified by pressure 
so that it is almost 0.3 smaller at 70 GPa than that at 40 GPa (or 43% reduction). This low-energy 
suppression originates in the shift of the intraband plasmon from 1.2 eV to 2.1 eV by compression 
(see Fig. 5(b)). At 40 GPa, the strong plasmon peak at about 5.8 eV in EELS for the fcc phase is 
broadened when transition into the cI16 phase. It then splits into two smaller peaks at 70 GPa with 
one locates at 4.1 eV, and another one at 7.7 eV. This splitting is due to the moving up of the ε1 
peak between 2 and 3 eV at 40 GPa (Fig. 5(b)) to 4.8 eV at 70 GPa, and crossing the zero line at 
4.1 and 7.7 eV, respectively. As a result, two new interband plasmons emerge and substantially 
suppress the reflectivity of cI16 at the corresponding frequency (the strong suppression at ~4.1 eV 
in cI16 at 70 GPa is evident in Fig. 3. The similar suppression at ~7.7 eV is not shown here). 
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FIG. 5. (a) Variations in the interband part of the imaginary dielectric function of cI16 induced by pressure. The solid 
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arrows show the trend of peaks shifting with increasing pressure. A new peak at 0.7 eV emerges at 70 GPa as the 
dashed arrow indicates. (b) The real and imaginary parts of the total dielectric function in cI16 at 70 GPa, compared 
to those at 40 GPa. The plasmon frequencies are also labeled. The shadow region highlights the 2-3 eV part of the 
real DF at 40 GPa, which shifts in the direction as the long arrow shows and induces two new plasmons at 4.1 and 
7.7 eV under further compression. 
We hypothesized the anomalous variation in the optical properties induced by compression to 
70 GPa, especially the splitting of the plasmon at 6.0 eV and the emergence of the weak intraband 
plasmon at ~2.1 eV, might arise from the local distortion characterized by the internal coordinate x, 
rather than the hydrostatic compression, according to two facts: (1) this x value in cI16 phase was 
analyzed and found significant to optical spectra by Alonso et al., but only in the range of 0.01-
0.0542; (2) in our calculation, the value of x actually increases further under compression (e.g., 
x=0.048 at 40 GPa, 0.060 at 55 GPa, 0.076 at 70 GPa). To validate this assumption, we separate the 
structure change from 40 GPa to 70 GPa into two steps. In the first one, the lattice vectors of the 
structure are released to 70 GPa but with the internal coordinate x being fixed at the value of 40 
GPa, i.e., x=0.048. In the second step, the internal coordinate is also fully optimized. The reflectivity 
of this intermediate phase shows an overall agreement with that of 40 GPa, with just a slight shift 
of the spectrum towards higher frequency and reduction in the magnitude, as shown in Fig. 3. This 
similarity is also observed in EELS. It unequivocally demonstrates that the major contribution to 
the anomalies in optical property variation comes from local structure distortion. This structural 
deformation should partially associate with the increase of the p-contribution to the electronic states 
around ions, accompanying which, the 𝑝𝜋 bonding in cI16 becomes more saturated, allowing more 
valence electrons to localize at interstitial space. The enhanced localization of interstitial electrons 
by compression gradually requires more void space for accommodation. Thus, the structure of cI16 
is distorted with the increment of the internal coordinate x. A larger value of x indicates stronger 
deviation from the initially high symmetric phase. This process is more drastic in cI16 than in the 
other two electride phases, due to its evident localization change under compression. For example, 
the volume of interstitial space with electron localization function (ELF) greater than 0.9 increases 
five times from 40 to 70 GPa in cI16, compared to a mild increase of 18% in oC40 when compressed 
from 70 to 100 GPa (see Supporting Information). 
B. Insulating electride phase oC40 
The phase transition sequence in lithium at ~60 GPa is cI16 → oC88, which further changes 
into oC40 at ~68 GPa at a temperature of about 200 K, as reported by experiment8. The same 
transition sequence was also predicted by ab initio calculations after including the zero-point 
energy22. The orthorhombic phase oC40 belongs to the space group of Aba2. It is the only phase 
that has an energy gap in all intrinsic phases of dense lithium, as shown in Fig. 6. Because of its 
insulating characteristic, there is no intraband contribution, and the band summation method 
equation (8) can be directly applied, which corresponds to the interband part of optical properties 
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and is easy to calculate. However, a careful check of the influence of the exchange-correlation 
functional and the crystalline local field is required. Our calculated results as shown in Fig. 7 
obviously show that the band summation method is a good approximation and the LFEs are 
negligible, especially for the energy range larger than 2.5 eV, where the DFT results overlap with 
those given by GW module.  
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FIG. 6. Calculated electronic band structure and projected density of states of oC40 at 85 GPa. The circle size is 
proportional to the band s-character in the left panel. The arrows in the band structure denote the interband transitions 
that make a major contribution to the respective peaks of the imaginary DF as shown in Fig. 7. 
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FIG. 7. Dynamic dielectric function of the oC40 phase calculated with different methods at 85 GPa. The reported 
DF is spherically averaged by 𝜀𝑎
(2)
= (𝜀𝑥𝑥
(2) + 𝜀𝑦𝑦
(2) + 𝜀𝑧𝑧
(2))/3. The solid lines denote the interband part of the DF 
calculated in the first step by using the DFT method. The lines with filled circles or triangles denote the DF calculated 
in the second step by using the GW module, including the LFEs or in the IPA (detailed in Methods section), 
respectively. 
From first-principles band structure calculations, we find an indirect band gap in oC40 about 
1.03 eV (1.60 eV in the GW calculation) at 85 GPa. As a consequence, both the imaginary part of 
DF and the absorption spectrum show a feature starting from 1 eV. As shown in Fig. 7, three evident 
peaks appear in the imaginary DF. The main peak at 2.1 eV exactly relates to the transitions at Γ 
point from the states of −1 eV to 1 eV. They correspond to the first peak above and below the Fermi 
level in the electronic DOS, respectively. The second peak at 4.1 eV is due to the transitions at Γ 
point from the states of −1 eV to 3 eV, and the third one at 5.6 eV originates in the transitions within 
a wider momentum range along the Y − Γ − S direction and centered on Γ point in the Brillouin 
zone (BZ) from the states of -1 eV to 4.6 eV. The real part of the DF crosses the zero line at 2.9 eV 
and 12 eV, respectively. 
The symmetry of oC40 becomes lower compared to cI16, both in the crystalline structure and 
electronic distribution. The conventional cell of oC40 can be divided into two centrosymmetric parts 
along b axis, with each part including three different layers. Between these two parts is the largest 
interstitial space in oC40, where localized valence electrons locate, noted as M1 and M3. The other 
interstitial localization position is in the middle layer of each part, noted as M2 (see supplementary 
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Fig. s7). This inhomogeneous characteristic gives rise to an anisotropy of optical properties for oC40. 
In our calculation, although the imaginary parts of the DF in oC40 share a main peak at ~2 eV, the 
amplitudes of this peak with polarization along a and c axis are almost twice as that along b axis, as 
shown in Fig. 8(a). This is directly due to an inhomogeneous distribution of x, y, and z components 
(65% for p𝑦 at 1eV) in the 2p orbital of the conduction state. The second peak with light polarization 
along 𝑐 axis has a slight shift compared to that along 𝑏 axis, and they coincide with each other at 
the third peak. The reflectivity anisotropy is more evident as shown in Fig. 8(b). A difference of 0.1 
is observed in the whole infrared and visible light regime (specific numbers are shown in Table I). 
For example, at 2.5 eV the reflectivity along 𝑏 axis is 0.17 smaller than that along 𝑎 axis. In 
ultraviolet regime, the reflectivity even increases 62% when changing the light polarized direction 
from 𝑏 to 𝑐 axis. 
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FIG. 8. Calculated anisotropy of optical properties in oC40 at 85 GPa: (a) the imaginary part of the DF and (b) the 
reflectivity with different light polarizations along 𝑎, 𝑏 and 𝑐 axis, respectively. The peaks in Fig. 7 are marked in 
(a) as well. The shadow region denotes the visible light range. There is a maximal percentage difference of 29% at 
2.5 eV and 62% at 7.4 eV based on the reflectivity along 𝑎 axis. 
Under compression, the energy of the 2s orbital in lithium increases more quickly than that of 
the 2p orbital. This can be easily understood with quantum mechanics that the wavefunction of the 
2p orbital has one less nodes than the 2s orbital in radial direction. For the insulating oC40 phase, 
the bottom of the conduction bands essentially has more s component than the top of the valence 
bands. As a result of this, the valence bands are squeezed to a narrower energy range (3.5→2.8 eV) 
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and the calculated band gap increases at a rate of ~0.013 eV/GPa when pressure rises from 70 to 
100 GPa. The features in optical spectra correspondingly move to higher frequency and the 
reflectivity is slightly reduced under continuing compression. Unlike the local structural distortion 
observed in cI16, all pressure-induced variations in oC40 seem mild.  
 
TABLE I. The reflectivity of high-pressure phases in lithium from 40 to 200 GPa at a frequency of 2, 3 and 4 eV, 
respectively. The optical properties of oC40 at 85 GPa are provided with different light polarizations. 
Phase Pressure (GPa) 2eV 3eV 4eV 
fcc 40 0.94 0.92 0.90 
cI16 40 0.71 0.70 0.65 
70 0.45 0.54 0.30 
70 (x=0.048) 0.60 0.56 0.61 
oC40 70 0.53 0.50 0.49 
85 (along a axis) 0.56 0.51 0.52 
85 (along b axis) 0.42 0.39 0.38 
85 (along c axis) 0.53 0.53 0.42 
100 0.49 0.46 0.44 
oC24 100 0.35 0.40 0.43 
200 0.31 0.32 0.36 
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C. Reentrant weak metallic electride phase oC24 
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FIG. 9. Calculated electronic band structure and projected density of states of oC24 at 100 GPa. The vertical arrows 
denote possible interband transitions that make a major contribution to the second peak in the imaginary DF as 
shown in Fig. 10(a). Others are the same as Fig. 6. 
Further compression leads to band overlap again, and lithium transforms into a reentrant 
metallic electride phase oC24. The atomic structure of this phase, belonging to the space group 
𝐶𝑚𝑐𝑎, was first predicted by Pickard using ab initio method18. The metallic feature of this phase 
was experimentally confirmed by a rapid decline in electric resistivity at ~ 110 GPa25. By 
comparison to the semi-metal phase cI16 at low pressure, this high-pressure phase has an almost 
vanished electronic DOS at the Fermi level (EF). As shown in Fig. 9, a Dirac-cone-like structure 
that represents a nearly linear dispersion relationship appears around the Γ point in the reciprocal 
space. This feature makes oC24 lithium an extremely weak metal, and there is almost no intraband 
contribution. The calculated imaginary part of DF at 100 GPa reveals two main peaks at 0.2 eV and 
3.9 eV, respectively (see Fig. 10(a)). The first one corresponds to the interband transitions within 
the cone around the Γ point, and the second one mainly originates from the transitions of −1.5 →
2.5 eV at S and Τ points in the BZ, as well as the −0.4 → 3.65 eV transition at the Γ point. The 
shoulder peak at 5.2 eV is mainly due to the −0.4 → 4.8 eV transition at the Γ point. The real part 
of DF crosses the zero line at 4.2 and 13.5 eV, respectively. However, because of the large magnitude 
of the second main peak around 4 eV, only at 13.5 eV there forms a strong interband plasmon. The 
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local field effects are investigated and found noticeable in oC24. The position of the second main 
peak in the imaginary DF and the locations of zero in the real part of DF are moved to lower energy 
by ~1 eV due to the LFEs. The dielectric response in this phase has perceptible anisotropy, which 
however is weaker than oC40, especially in the visible light range (detailed in supplementary Fig. 
s10).  
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FIG. 10. Spherically averaged dynamic dielectric function of oC24 calculated with different methods at 100 GPa. 
Other settings are the same as Fig. 7. 
In view of the low frequency part of the calculated 𝜀1 (see Fig. 10(b)), oC24 is more like an 
insulator that allows low-frequency electromagnetic wave to propagate, rather than an electronic 
shielding metal like fcc or cI16 phase. Furthermore, the large positive value of 𝜀1 in oC24 extends 
a wide frequency range up to 4 eV, compared to the drastic drop of 𝜀1 at 2 eV in oC40, which means 
that visible light is reflected less and can transmit more easily in oC24 than in oC40. This explains 
why oC24 has the lowest reflectivity and absorption in the visible light range among these three 
electride phases, as shown in Fig. 3 and Table s1. In low frequency range, the imaginary part of DF 
for oC24 has large positive values like other metals, which makes its optical conductivity much 
larger than oC40. It is interesting to point out that under further compression, the electronic band 
structure around the Fermi level, especially the cone feature, keeps almost unchanged even up to a 
pressure of 200 GPa. Other part of the band structure, however, changes gradually with increasing 
hydrostatic pressure, just like the situation in oC40 (see supplementary Fig. s11). Consequently, the 
reflectivity and the EELS decrease further, and dense lithium becomes more transparent.  
Scientific Reports 8,3868 (2018) | DOI:10.1038/s41598-018-22168-1 
17 
DISCUSSION 
On the whole, the reflectivity of lithium in the visible light range decreases as a function of 
pressure. It changes slowly within one stable phase and rapidly, even a jump at the transition 
pressure. Some specific values of reflectivity at given frequencies are provided in Table I. Compared 
to oC40 and oC24, the reflectivity of cI16 is modified strikingly by pressure. Its reflectivity at 2 eV 
changes 40% when the pressure is increased by 30 GPa, whereas there are only 8% change for oC40, 
and less than 11% for oC24 with the same pressure increment. This difference becomes more drastic 
at 4 eV. Especially, the calculated reflectivity at 3 eV deceases when transition from cI16 to oC40 
phase at 70 GPa, in agreement with the experimental observation24. The calculated reflectivity also 
strongly depends on the frequency of incident wave, and this dependence greatly differs from each 
other in these three electride phases, mainly due to their different plasmon frequencies. As 
demonstrated by EELS in Fig. 4, the main plasmon frequencies in both oC40 and oC24 are higher 
than 12 eV, whereas the cI16 phase has pronounced plasmons in low frequency range. For example, 
it has one intraband plasmon at 2.1 eV and two interband plasmons at 4.1 and 7.7 eV at 70 GPa, 
respectively. According to equation (2), the reflectivity is closely associated with the inverse of the 
absolute value of DF, and this value has a relatively evident maximum in the vicinity of the plasmon 
frequency, thus leading to a strong suppression of the reflectivity. This mechanism clearly explains 
why the reflectivity of oC40, oC24, and fcc changes only by 0.12, 0.06, and 0.04 when the frequency 
increases from 1 to 4 eV, whereas it changes remarkably by 0.38 in cI16 at 70 GPa.  
The static optical conductivity we calculated as a function of pressure is qualitatively in good 
agreement with the experimental measurements using DAC24,25. For oC24, the calculated static 
conductivity is lower than cI16, but much higher than oC40 (see Fig. 11), reflecting the strength of 
their respective metallic characteristics. The jumps at the phase transition boundaries are evident, 
especially the striking one when transition from cI16 to oC40 phase. The deviation in the numerical 
value is understandable, such as for the cI16 phase at 40 GPa, since no scattering due to phonons 
and impurities had been considered in our calculation, which gradually becomes important at low 
temperature. The possibility of multi-phase coexistence in the vicinity of the phase boundaries could 
also contribute to the difference. In addition, the high-frequency alternating current (AC) 
conductivity varies dramatically with frequency so that the metal phases, such as the fcc phase, have 
a very low conductivity above 1.5 eV, whereas the conductivity of oC40 gradually increases for 
frequencies above 1 eV and becomes the largest one among the fcc, cI16, and oC24 phases at 2 eV 
(supplementary Fig. s6). 
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FIG. 11. Comparison of the calculated static electric resistivity as a function of pressure with the experimental data 
at 50 K25.  
Except the evident variations of the electronic and optical properties at the phase boundaries, 
which are described by the 𝑠 → 𝑝 excitation and s-p hybridization theory, the origin of compression-
induced changes within one stable phase can be accounted by: (i) the regular effect of hydrostatic 
pressure, as shown in oC40 and oC24, as well as the intermediate step of cI16 discussed in Results 
section; (ii) the irregular effect that causes extra structural modification, such as the distortion in 
cI16 at 70 GPa. However, this irregular effect of compression of (ii) only emerges in some particular 
phases, according to above analysis. We infer that its working condition includes both the low 
symmetry crystalline structure and the metallic electronic structure with energy bands crossing the 
Fermi level. The first one is easy to understand since less constraint by spatial symmetry makes 
stronger modification on crystalline structure possible. Therefore, this effect does not show up in 
the bcc and fcc phase. The second one is closely associated with the electronic structure around the 
Fermi surface, because variation of this part impacts essentially on the electron localization in 
electrides and further modifies all physical properties, especially the optical properties in low 
frequency range. oC40 and oC24 phase do not have many such bands crossing the Fermi level, so 
that the role of compression in them belongs to the case (i). 
Furthermore, the optical electronic transitions occur only when the angular momenta satisfy 
the optical selection rule ∆𝑙 = ±1. Figs. 1, 6, and 9 show the electronic DOS projected onto the 
lithium ions and interstitial quasiatoms (ISQ) in cI16, oC40, and oC24 phases, respectively. The 
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valence electrons in these electride phases mainly occupy the s orbitals centered at ISQs rather than 
the p orbitals surrounding the ions. Consequently, the valence electrons from ISQs, when interacting 
with light, are inevitably excited to p orbitals that are usually surrounding the lithium ions. Because 
all electride phases are stabilized by the interstitial electrons, as well as the ensuing multicenter-
bonding, this photon-induced electron transfer from ISQs to ions implies there might have a strong 
photon-phonon coupling, leading to polaritons or light-induced phase transformations. Our 
rudimentary calculation on oC40 with such photon-excited electronic configuration indeed suggests 
that dense lithium could be a prototype of elements with such kind of photon-induced transition, 
and should be the focus of future investigations. 
To summarize, the dynamic dielectric response and optical properties of the three high-pressure 
electride phases of cI16, oC40, and oC24 in lithium were thoroughly and comprehensively 
investigated across a wide pressure range from 40 to 200 GPa by first-principles calculations. The 
reflectivity of dense lithium was predicted to decrease with increasing pressure in the visible and 
infrared range, changing from highly reflective metallic phases to semi-transparent electride phases. 
Two previously unknown interband plasmons were discovered in cI16 at 70 GPa. This explains the 
abnormal variation in the reflectivity, and reveals a strong dependence of the optical property on the 
subtle details of the crystalline structure. The atomic structure was found gradually distorted with 
the increasing localization of interstitial electrons under compression, even within the same cI16 
phase. In contrast to the drastic jump of physical properties at the phase boundaries, this observed 
gradual evolution unveils how external pressure continuously modifies the microscopic structure, 
especially the irregular effect of compression, via localized interstitial electrons, and further impacts 
on the dielectric response. These interesting variations, however, are not obvious if viewed only 
from the band structure. The system accumulates these variations and finally reaches the condition 
of phase transitions. We also predicted the possible response of electrides when interacting with the 
light field, and discovered diverse and rich features in their optical properties. Two important 
characteristics are the strong anisotropy in oC40 phase and the possible photon-induced 
transformation. Even though both cI16 and oC24 are semi-metallic electrides, their optical 
properties, as well as the role of compression in their evolution, are very different, which is quite 
unexpected. Especially, oC24 becomes a semi-transparent metal, with a reflectivity and absorption 
coefficient even lower than the insulating oC40 phase, determined by its unique electronic structure. 
This work uncovers intriguing anomalous optical properties in the electride phases of dense lithium, 
and the underlying physics was elaborated. The results and findings could be the foundation for 
future experimental exploration of high-pressure electrides. 
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METHODS 
A. General aspects of dielectric function calculation 
The dielectric function (DF) 𝜀(𝜔, 𝐪) is an inherent physical quantity that determines matter’s 
response to an external electric field. It strongly depends on the frequency 𝜔 and the wave vector 𝐪 
of the incident electromagnetic wave. For 𝑙𝑖𝑚
𝜔→0
𝜀(𝜔, 𝐪), it describes the electrostatic screening of 
interactions between electron-electron, electron-lattice and electron-impurity45. In this work, the 
dynamic dielectric function at the long-wavelength limit of 𝐪 → 0 is studied, which corresponds to 
a slowly varying macroscopic electric field, where the longitudinal and transversal components of 
DF become equal46. The response to this electric field reveals a collective excitation of the Fermi 
sea, or the bulk plasmon behavior. 
The important optical properties, such as the reflectivity 𝑅(𝜔), the EELS 𝐿(𝜔), the refractive 
index 𝑛(𝜔), and the absorption coefficient 𝐼(𝜔), all can be obtained from the dynamical dielectric 
response function 𝜀(𝜔) = 𝜀1(𝜔) + 𝑖𝜀2(𝜔). The explicit expressions of them are given as
47 
𝑅(𝜔) = |
√𝜀(𝜔)−1
√𝜀(𝜔)+1
|
2
 , (2) 
𝐿(𝜔) =
𝜀2(𝜔)
𝜀1(𝜔)2+𝜀2(𝜔)2
 , (3) 
𝑛(𝜔) =
1
√2
[√𝜀1(𝜔)2 + 𝜀2(𝜔)2 + 𝜀1(𝜔)]
1/2
 , (4) 
𝐼(𝜔) = √2𝜔[√𝜀1(𝜔)2 + 𝜀2(𝜔)2 − 𝜀1(𝜔)]
1/2
 . (5) 
Here the EELS describes inelastic scattering of the incident electrons with narrow initial kinetic 
energy, including the inelastic interaction of inter- and intra-band transitions and plasmon 
excitations. The dynamic optical conductivity 𝜎(𝜔) = 𝜎1(𝜔) + 𝑖𝜎2(𝜔) can be calculated by using 
the dielectric function as48 
𝜎1(𝜔) = 𝜀0𝜔𝜀2(𝜔) ,  (6) 
𝜎2(𝜔) = 𝜀0𝜔(1 − 𝜀1(𝜔) .  (7) 
The most fundamental work for optical property evaluation thereby is to calculate the dielectric 
function. This is divided into two steps, with different approximations being adopted in each step. 
In the first step, we employ a method of summing all possible transitions over the whole conduction 
band after the electronic ground state has been obtained. The imaginary part of the dielectric 
function is then determined by following equation49 
𝜀𝛼𝛽
(2)(𝜔) =
4𝜋2𝑒2
𝑉
lim
𝑞→0
1
𝑞2
∑ 2𝑤𝐤𝑐,𝑣,𝐤 𝛿(𝜀𝑐𝐤 − 𝜀𝑣𝐤 − 𝜔) × ⟨𝑢𝑐𝐤+e𝛼𝑞|𝑢𝑣𝐤⟩ ⟨𝑢𝑐𝐤+e𝛽𝑞|𝑢𝑣𝐤⟩
∗
 ,  (8) 
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where the indices 𝑐 and 𝜈 refer to conduction and valence band states respectively, and 𝑢𝑐k is 
the cell periodic part of the orbitals at the point 𝐤 in the reciprocal space. The k-point weights 𝑤k 
are defined according to the symmetry such that they sum to 1. The real part of the dielectric tensor 
is obtained from the imaginary part by the Kramers-Kronig transformation45 
𝜀𝛼𝛽
(1)(𝜔) = 1 +
2
𝜋
𝒫 ∫
𝜀𝛼𝛽
(2)(𝜔′)𝜔′
𝜔′
2
−𝜔2+𝑖𝜂
∞
0
𝑑𝜔′ , (9) 
where 𝒫 denotes taking the principal value. A small quantity 𝜂 is introduced by adding a factor into 
the perturbation of Hamiltonian 𝛿?̂?(𝑡) = 𝑒𝜂𝑡 ∑ 𝛿𝑉(𝐫𝑖 , 𝑡)
𝑁
𝑖=1  to guarantee an adiabatic switching 
from the unperturbed Hamiltonian (𝑡 → −∞, 𝛿?̂?(𝑡) → 0), in which 𝛿𝑉(𝐫𝑖 , 𝑡) is the perturbation to 
the potential44, and leads to an imaginary frequency shift after Fourier transform. This direct band 
summation method equation (8) is widely used for evaluating the macroscopic dielectric function 
of semiconductors and insulators47,50,51. However, it has some shortcomings: (i) only the direct 
transitions of electrons between valence and conduction bands are calculated, and the results include 
only the interband contribution, with the imaginary part of the DF having a direct connection with 
the electronic band structure; (ii) when deducing equation (8) from the linear response theory, the 
random phase approximation (RPA) is assumed, which ignored the electronic exchange-correlation 
effect (i.e., setting 𝑓𝑥𝑐 = 0 in the Dyson equation, see below)
49.  
To obtain more accurate results, we also evaluate the DF using advanced method with the 
complete linear response theory in the second step. The main idea is to solve the response function 
𝜒 within perturbation theory, which describes the induced changes in the density of electrons when 
a weak external electric field is applied to the material49. It is easier to calculate by first in the Kohn-
Sham scheme, which is a system of independent electrons moving in a self-consistent effective 
potential. The relationship between the response function 𝜒 of an interacting electron system and 
𝜒𝐾𝑆 of the Kohn-Sham system is then given by the Dyson equation 
χ(𝐫, 𝐫′, 𝜔) = χ𝐾𝑆(𝐫, 𝐫′, 𝜔) + ∫ 𝑑3𝑟1𝑑
3𝑟2χ
𝐾𝑆(𝐫, 𝐫𝟏, 𝜔) [
𝑒2
|𝐫𝟏−𝐫𝟐|
+ 𝑓𝑥𝑐(𝐫𝟏, 𝐫𝟐, 𝜔)] χ(𝐫𝟐, 𝐫
′, 𝜔) . (10) 
The second term in the right-hand side of equation (10) includes the Coulomb kernel, as well as the 
exchange-correlation kernel that can be approximated with different functional.  
For weak metallic phases of cI16 and oC24, some bands are partially occupied. Therefore, we 
must consider the possible transitions from one state below the Fermi level to another state above 
the Fermi level within the same band. This intraband contribution 
𝜀𝑖𝑛𝑡𝑟𝑎
(1) (𝜔) = −
?̅?2
𝜔2
 , (11) 
has to be added to the real part of the DF, where the plasmon frequency ?̅? has a form of44 
?̅?𝛼𝛽
2 =
4𝜋𝑒2
𝑉
∑ 2𝑓𝑛𝐤
𝜕2𝜖𝑛𝐤
𝜕𝐤𝛼𝜕𝐤𝛽
𝑛𝐤  . (12) 
The DF calculated in above methods corresponds to the microscopic one, from which the 
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macroscopic DF that we are interested in can be obtained (which is also the quantity measured in 
experiment). The microscopic DF includes additional rapid oscillations of the total electric field on 
the scale of the primitive cell, whereas the macroscopic DF is homogenous on a coarse scale52. 
Generally, the macroscopic DF can be obtained by taking the long-wavelength limit and inverting 
the head (𝐆 = 𝐆′ = 0) of the microscopic DF, which is a 3 × 3 tensor49 
𝜀𝑚𝑎𝑐(𝜔, ?̂?) = (lim
𝑞→0
𝜀00
−1(𝜔, 𝐪))−1 . (13) 
The rapid oscillations on the microscopic scale caused by slowly varying external electric field 
and local crystalline structure may have an influence on the macroscopic response of the material 
to this field, and this is called local field effects (LFE), which represent the inhomogeneity of the 
electron gas. These are reflected in the off-diagonal elements of DF and have been automatically 
included in equation (13) in the second step calculations.  
B. Details of first-principles computation 
The electronic structure and optical spectra calculations are performed using the ab initio total-
energy and molecular-dynamics program VASP53. The projector-augmented wave (PAW) 
pseudopotential of Blöchl is employed, which combines the all-electron level accuracy with the 
computational efficiency of the pseudopotential approach, as implemented in VASP with the frozen-
core approximation54. The longitudinal expression of the frequency-dependent microscopic 
dielectric function is utilized in the frame of PAW. The results are proved to be more accurate than 
the transversal expressions and are largely independent of the applied potential49. The generalized-
gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) is used for the exchange-
correlation functional of the density functional theory (DFT)55. All electrons (1𝑠22𝑠1) in lithium are 
treated as valence electrons. The electronic wave function is expanded using a plane wave basis up 
to an energy cutoff of 600 eV for ground-state calculations. An energy cutoff of 400 eV is used for 
optical spectra calculations, due to the high computational cost of the response method. Nevertheless, 
we have carefully checked and ensured the optical results have satisfactorily converged. Hellman-
Feynman forces and stresses are systematically calculated and the ionic positions are fully optimized. 
All lattice vectors are also optimized subjected to the given hydrostatic pressure. In order to compute 
the interstitial charges, empty spheres are placed at the interstitial sites. The exact locations of their 
centers are approximately considered as the locations with the highest value of ELF in interstitial 
regions. We calculated the electronic DOS projected onto these spheres as the DOS of interstitial 
charges, where 95% is the s contribution. The Wigner radius of projection is set 0.8 Å, about half of 
the distance between the nearest ion and center of the interstitial charges, also the same as the 
projection radius on ions. 
The first step of the DF calculation as mentioned above is directly based on the static results 
of the ground state DFT calculation, so it is labelled as ‘interband part by DFT’ hereinafter. The 
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second step of the DF calculation is carried out by using the GW module as implemented in VASP, 
with an extra exchange-correlation kernel in the Dyson equation (10). In addition to the accurate 
macroscopic DF (labeled as ‘GW with LFE’ hereinafter), we also calculate the head of the 
microscopic DF in the GW module for comparison, which corresponds to the macroscopic DF in 
the independent particle approximation (IPA) (labeled as ‘GW with IPA’ hereinafter). These two 
results in the second step both include the intraband contributions and the exchange-correlation 
interaction in dielectric response. However, the former includes the LFEs, whereas the latter does 
not. The energy cutoff for the response function, which controls how many 𝐆 vectors are included 
in the response function, is kept the same as the plane-wave cutoff energy. A total number of empty 
bands of 24 for cI16, 60 for oC40, and 36 for oC24 are employed in the optical calculations to 
converge the spectra up to ~10 eV. Because the transition probability highly depends on the accuracy 
of the integration over the k-space, an insufficient k-point sampling might introduce artificial errors 
into the optical spectra. Denser k-point samplings therefore have been utilized in the calculation of 
optical properties. A Monkhorst-Pack (MP) mesh56 of 13 × 13 × 13 , 11 × 11 × 11 , and 
13 × 13 × 13 are used to sample the Brillouin zone for cI16, oC40, and oC24 in the band structure 
calculations and 17 × 17 × 17, 11 × 11 × 11, and 15 × 15 × 15 in the optical spectra calculations, 
respectively. It gives a good convergence that has been carefully checked and confirmed. All 
symmetries have been switched off when dealing with the response function. A 0.1 eV Gaussian 
broadening of the optical spectra is applied. It should be pointed out that though more accurate 
optical properties could be obtained with the Bethe-Salpeter equation (BSE)57,58, our results 
presented here are sufficiently accurate to give an quantitative optical spectra (see Supplementary 
Material), which is enough for our purpose to understand the evolution of the optical properties of 
dense lithium with increasing pressure. 
REFERENCES 
1 Stager, R. A. & Drickamer, H. G. Effect of temperature and pressure on the resistance of four 
alkali metals. Phys. Rev. 132, 124-127 (1963). 
2 Bridgman, P. W. in Proceedings of the American Academy of Arts and Sciences. 165-251 
(JSTOR, 1952). 
3 Fortov, V. et al. Anomalous electric conductivity of lithium under quasi-isentropic compression 
to 60 GPa (0.6 Mbar). Transition into a molecular phase? JETP Letters 70, 628-632 (1999). 
4 Bastea, M. & Bastea, S. Electrical conductivity of lithium at megabar pressures. Phys. Rev. B 
65, 193104, doi:10.1103/PhysRevB.65.193104 (2002). 
5 Hanfland, M., Syassen, K., Christensen, N. E. & Novikov, D. L. New high-pressure phases of 
lithium. Nature 408, 174-178, doi:10.1038/35041515 (2000). 
6 Rodriguez-Prieto, A., Bergara, A., Silkin, V. & Echenique, P. Complexity and Fermi surface 
deformation in compressed lithium. Phys. Rev. B 74, 172104 (2006). 
7 Rousseau, B., Xie, Y., Ma, Y. & Bergara, A. Exotic high pressure behavior of light alkali metals, 
Scientific Reports 8,3868 (2018) | DOI:10.1038/s41598-018-22168-1 
24 
lithium and sodium. Eur, Phys. J. B 81, 1-14, doi:10.1140/epjb/e2011-10972-9 (2011). 
8 Guillaume, C. L. et al. Cold melting and solid structures of dense lithium. Nat. Phys. 7, 211-
214, doi:10.1038/nphys1864 (2011). 
9 Schaeffer, A. M., Talmadge, W. B., Temple, S. R. & Deemyad, S. High pressure melting of 
lithium. Phys. Rev. Lett. 109, 185702, doi:10.1103/PhysRevLett.109.185702 (2012). 
10 Elatresh, S. F., Bonev, S. A., Gregoryanz, E. & Ashcroft, N. W. Role of quantum ion dynamics 
in the melting of lithium. Phys. Rev. B 94, 104107, doi:10.1103/PhysRevB.94.104107 (2016). 
11 Christensen, N. & Novikov, D. Predicted superconductive properties of lithium under pressure. 
Phys. Rev. Lett. 86, 1861 (2001). 
12 Shimizu, K., Ishikawa, H., Takao, D., Yagi, T. & Amaya, K. Superconductivity in compressed 
lithium at 20 K. Nature 419, 597 (2002). 
13 Struzhkin, V. V., Eremets, M. I., Gan, W., Mao, H.-k. & Hemley, R. J. Superconductivity in 
dense lithium. Science 298, 1213-1215 (2002). 
14 Matsuoka, T. et al. Superconductivity and crystal structure of lithium under high pressure. 
Journal of Physics: Conference Series 121, 052003, doi:10.1088/1742-6596/121/5/052003 (2008). 
15 Bazhirov, T., Noffsinger, J. & Cohen, M. L. Superconductivity and electron-phonon coupling in 
lithium at high pressures. Phys. Rev. B 82, 184509 (2010). 
16 Miao, M. S. & Hoffmann, R. High pressure electrides: a predictive chemical and physical theory. 
Acc. Chem. Res. 47, 1311-1317, doi:10.1021/ar4002922 (2014). 
17 Neaton, J. B. & Ashcroft, N. W. Pairing in dense lithium. Nature 400, 141-144 (1999). 
18 Pickard, C. J. & Needs, R. J. Dense low-coordination phases of lithium. Phys. Rev. Lett. 102, 
146401, doi:10.1103/PhysRevLett.102.146401 (2009). 
19 Ma, Y. et al. Transparent dense sodium. Nature 458, 182-185 (2009). 
20 Naumov, I. I., Hemley, R. J., Hoffmann, R. & Ashcroft, N. W. Chemical bonding in hydrogen 
and lithium under pressure. J. Chem. Phys. 143, 064702, doi:10.1063/1.4928076 (2015). 
21 Naumov, I. I. & Hemley, R. J. Origin of transitions between metallic and insulating states in 
simple metals. Phys. Rev. Lett. 114, 156403, doi:10.1103/PhysRevLett.114.156403 (2015). 
22 Gorelli, F. A. et al. Lattice dynamics of dense lithium. Phys. Rev. Lett. 108, 055501, 
doi:10.1103/PhysRevLett.108.055501 (2012). 
23 Yao, Y., Tse, J. S. & Klug, D. D. Structures of insulating phases of dense lithium. Phys. Rev. 
Lett. 102, 115503, doi:10.1103/PhysRevLett.102.115503 (2009). 
24 Matsuoka, T. & Shimizu, K. Direct observation of a pressure-induced metal-to-semiconductor 
transition in lithium. Nature 458, 186-189, doi:10.1038/nature07827 (2009). 
25 Matsuoka, T. et al. Pressure-induced reentrant metallic phase in lithium. Phys. Rev. B 89, 144103, 
doi:10.1103/PhysRevB.89.144103 (2014). 
26 Marques, M. et al. Crystal structures of dense lithium: a metal-semiconductor-metal transition. 
Phys. Rev. Lett. 106, 095502, doi:10.1103/PhysRevLett.106.095502 (2011). 
27 Tse, J. S. & Boldyreva, E. V. Electron Density Topology of Crystalline Solids at High Pressure. 
in Modern Charge-Density Analysis 573–623 (Springer, 2011). 
28 Marqués, M. et al. Optical and electronic properties of dense sodium. Phys. Rev. B 83, 184106 
Scientific Reports 8,3868 (2018) | DOI:10.1038/s41598-018-22168-1 
25 
(2011). 
29 Loubeyre, P., Occelli, F. & Letoullec, R. Optical studies of solid hydrogen to 320 GPa and 
evidence for black hydrogen. Nature 416, 613-617 (2002). 
30 Gatti, M., Tokatly, I. V. & Rubio, A. Sodium: a charge-transfer insulator at high pressures. Phys. 
Rev. Lett. 104, 216404, doi:10.1103/PhysRevLett.104.216404 (2010). 
31 Geng, H. Y., Hoffmann, R. & Wu, Q. Lattice stability and high pressure melting mechanism of 
dense hydrogen up to 1.5 TPa. Phys. Rev. B 92, 104103 (2015). 
32 Geng, H. Y. & Wu, Q. Predicted reentrant melting of dense hydrogen at ultra-high pressures. 
Sci. Rep. 6, 36745 (2016). 
33 Geng, H. Y., Wu, Q. & Sun, Y. Prediction of a mobile solid state in dense hydrogen under high 
Pressures. J. Phys. Chem. Lett. 8, 223-228 (2017). 
34 Chen, Y. M. et al. Predicted novel insulating electride compound between alkali metals lithium 
and sodium under high pressure. Chin. Phys. B 26, 056102 (2017). 
35 Silkin, V., Rodriguez-Prieto, A., Bergara, A., Chulkov, E. & Echenique, P. Strong variation of 
dielectric response and optical properties of lithium under pressure. Phys. Rev. B 75, 172102 (2007). 
36 Jin, Y. G. & Chang, K. J. Dynamic response function and energy-loss spectrum for Li using an 
N -point Padé approximant. Phys. Rev. B 59, 14841-14844 (1999). 
37 Karlsson, K. & Aryasetiawan, F. Plasmon lifetime, zone-boundary collective states, and energy-
loss spectra of lithium. Phys. Rev. B 52, 4823 (1995). 
38 Rodriguez-Prieto, A., Silkin, V. M., Bergara, A. & Echenique, P. M. Energy loss spectra of 
lithium under pressure. New Journal of Physics 10, 053035 (2008). 
39 Errea, I., Rousseau, B., Eiguren, A. & Bergara, A. Optical properties of calcium under pressure 
from first-principles calculations. Phys. Rev. B 86, 43-49, doi:10.1103/PhysRevB.86.085106 (2012). 
40 Taft, E. & Philipp, H. Optical properties of graphite. Phys. Rev. 138, A197 (1965). 
41 Ashcroft, N. W. & Mermin, N. D. Solid State Physics. (Holt, Rinehart and Winston, 1976). 
42 Alonso, R., Sharma, S., Ambrosch-Draxl, C., Rodriguez, C. & Christensen, N. E. Linear and 
nonlinear optical properties of Li under pressure. Phys. Rev. B 73, 064101 (2006). 
43 Goncharov, A. F., Struzhkin, V. V., Mao, H.-k. & Hemley, R. J. Spectroscopic evidence for 
broken-symmetry transitions in dense lithium up to megabar pressures. Phys. Rev. B 71, 184114, 
doi:10.1103/PhysRevB.71.184114 (2005). 
44 Harl, J. The linear response function in density functional theory, Universität Wien, 
(Dissertation, 2008). 
45 Kittel, C. Introduction to Solid State Physics.  (Wiley, 2005). 
46 Adler, S. L. Quantum theory of the dielectric constant in real solids. Phys. Rev. 126, 413 (1962). 
47 Shi, H., Chu, M. & Zhang, P. Optical properties of UO2 and PuO2. J. Nucl. Mater. 400, 151-
156, doi:10.1016/j.jnucmat.2010.02.024 (2010). 
48 Holst, B., Redmer, R. & Desjarlais, M. P. Thermophysical properties of warm dense hydrogen 
using quantum molecular dynamics simulations. Phys. Rev. B 77, 184201 (2008). 
49 Gajdoš, M., Hummer, K., Kresse, G., Furthmüller, J. & Bechstedt, F. Linear optical properties 
in the projector-augmented wave methodology. Physical Review B 73, 045112 (2006). 
Scientific Reports 8,3868 (2018) | DOI:10.1038/s41598-018-22168-1 
26 
50 Guo, G. Y., Chu, K. C., Wang, D. S. & Duan, C. G. Linear and nonlinear optical properties of 
carbon nanotubes from first-principles calculations. Phys. Rev. B 69, 1324-1332 (2004). 
51 Adolph, B., Furthmüller, J. & Bechstedt, F. Optical properties of semiconductors using 
projector-augmented waves. Phys. Rev. B 63, 125108 (2001). 
52 Aspnes, D. Local‐field effects and effective‐medium theory: a microscopic perspective. Am. J. 
Phys. 50, 704-709 (1982). 
53 Kresse, G. & Furthmüller, J. Efficiency of ab-initio total energy calculations for metals and 
semiconductors using a plane-wave basis set. Comput. Mater. Sci. 6, 15-50 (1996). 
54 Blöchl, P. E. Projector augmented-wave method. Phys. Rev. B 50, 17953 (1994). 
55 Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient approximation made simple. 
Phys. Rev. Lett. 77, 3865 (1996). 
56 Monkhorst, H. J. & Pack, J. D. Special points for Brillouin-zone integrations. Phys. Rev. B 13, 
5188 (1976). 
57 Albrecht, S., Reining, L., Del Sole, R. & Onida, G. Ab initio calculation of excitonic effects in 
the optical spectra of semiconductors. Phys. Rev. Lett. 80, 4510 (1998). 
58 Rohlfing, M. & Louie, S. G. Electron-hole excitations in semiconductors and insulators. Phys. 
Rev. Lett. 81, 2312 (1998). 
 
 
Acknowledgments 
This work was supported by the National Natural Science Foundation of China under Grant 
11672274, the NSAF under Grant U1730248, the Fund of National Key Laboratory of Shock Wave 
and Detonation Physics of China under Grant 6142A03010101, and the CAEP Research Project 
under Grant 2015B0101005. Part of the computation was performed using the supercomputer at the 
Center for Computational Materials Science of the Institute for Materials Research at Tohoku 
University, Japan.  
Author contributions 
Zheng Yu performed the calculations, analyzed the data and wrote the manuscript. Hua Y. Geng 
provided the main idea, analyzed the data and wrote the manuscript. Y. Sun and Y. Chen contributed 
their intelligence in discussions. 
Competing financial interests 
There is no conflict of interest. 
Scientific Reports 8,3868 (2018) | DOI:10.1038/s41598-018-22168-1 
27 
Data availability 
All data generated or analyzed during this study are included in this published article (and its 
Supplementary Information files). 
Supplementary Information 
It is provided online with the manuscript. 
 
  
Scientific Reports 8,3868 (2018) | DOI:10.1038/s41598-018-22168-1 
28 
Supplementary Material for “Optical properties of 
dense lithium in electride phases by first-principles 
calculations” 
Zheng Yu1, Hua Y. Geng1, Y. Sun1, and Y. Chen2 
1National Key Laboratory of Shock Wave and Detonation Physics, 
Institute of Fluid Physics, CAEP; P.O.Box 919-102 Mianyang, Sichuan 
P.R.China, 621900 
2 Fracture and Reliability Research Institute, School of Engineering, 
Tohoku University 6-6-01 Aramakiaoba, Aoba-ku, Sendai 980-8579, Japan 
1. Justification to the computational method 
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FIG. s12. Comparison of the calculated extinction coefficient of bcc lithium at 0 GPa in this work with the 
experimental data1,2. 
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FIG. s13. Comparison of the calculated refractivity and the EELS of bcc lithium at 0 GPa in this work with the 
experimental results2. 
 
The validation and accuracy of the method for optical calculations used in this work has been 
carefully checked with the bcc structure of lithium at ambient conditions. The plasmon frequency 
of 7.0 eV for bcc lithium by our calculation is in good agreement with the experimental result of 
6.73 eV2. The calculated energy loss function also matches the experimental spectrum very well, 
with a main peak of 7.0 eV against the measured 6.9 eV, as shown in Fig. s2(b). The calculated 
refractive index compares to the experimental data in Fig.2(a). The peaks in our results are slightly 
shifted to high frequency, but the overall feature agrees with the experimental spectrum. These lend 
us the confidence that our results are robust and quantitatively accurate. 
Still note that the accuracy of optical calculations is in different levels with calculations of total 
energy. They should be considered as semi-quantitative, especially for the static electric resistivity. 
The exactly accurate calculation of static optical resistivity needs considerably dense k-points and 
huge supercells, so that numerous data in extremely low frequency regime could deduce resistivity 
for ω → 0. But this extremely high level of exactness is not required in this work. The data in Figure 
11 of the main text is to show the metal-semiconductor-metal transition. We cannot determine 
whether the metallization of oC24 increases at higher pressure only from the subtle difference of 
resistivity between 115 GPa and 200 GPa. 
In addition, VASP Li pseudopotential needs to be carefully checked. That’s why we only 
consider the pressure range only up to 200 GPa. The latest PAW-PBE VASP pseudopotential of 
sv_GW with a core radius of 1.500 Bohr was used in this work. We checked its accuracy in a 
structure of P4132 compared to the results obtained by all-electron full potential augment planewave 
(FP-LAPW)3, as Table s1 shows. The pseudopotential of sv_GW shows reliable enough accuracy 
in calculation of volume of atoms at extreme pressures. The calculation of total energy is certainly 
affected by the pseudopotential. But the difference is evident only above 200 GPa (see Fig. 1(d) of 
Reference3, where “VASP PAW PBE” means the old pseudopotential). The new sv_GW used in this 
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work has better results. The electronic structure was also checked, in agreement with results by FP-
LAPW method. In addition, our electronic structure calculation totally coincides with the results by 
Marques et al.4. Therefore, we believe the pseudopotential we used in this work is accurate enough 
for our optical research up to 200 GPa. 
 
Table s1: Volumes of atoms calculated by different methods. The sv_GW pseudopotential is the one used in this 
work. Data of other methods are from Yao3. 
Pressure (GPa) 100 150 200 300 400 500 
VASP new sv_GW 0.43% 0.00% -0.21% -0.26% 0.06% 0.44% 
QE TM PBE 0.00% 0.12% 0.22% 0.37% 0.00% 0.51% 
VASP old PAW PBE 1.15% 1.01% 1.03% 2.32% 
 
6.04% 
ABINIT GTH PBE 0.20% 0.43% 0.69% 0.61% 
 
1.05% 
 
2. Extra material for cI16 
 
FIG. s14. (a) Structure of cI16 phase with an isosurface of ELF=0.9 at 70 GPa. Lithium ions are colored purple and 
the ELF isosurface is colored yellow. (b) A 2D display of the plane crossing the three interstitial electrons marked 
as M1 in (a). cI16 has only one type of ISQ.  
 
The absence of the first peak in Reference5 (see Fig. 2 of the main text) might be due to the 
premature cutoff of the extremely low-energy excitations (below 0.5 eV) around the Γ point, whose 
transition probability, however, is much larger than the high frequency ones. An artificial 
suppression up to 0.5 eV is evident in Reference5. The very close bands near the Fermi surfaces 
might have been treated as fully degenerate in Alonso’s calculations, so their contribution to the 
interband part below 0.5 eV was ignored. 
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FIG. s15. Comparison of the calculated reflectivity of dense lithium in fcc and cI16 phase at about 40 GPa with 
experimental data6. The agreement between calculations and measurements is qualitative, and the possible reasons 
for the slight deviation have been discussed in the main text.  
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FIG. s16. Calculated electronic band structure and density of states of cI16 at 70 GPa. Other settings are the same as 
Fig. 1 in the main text. The band marked as Γ′ in Fig. 1 moves up to the position of Γ′′ and forms a triply degenerate 
state by compression. The shadow rectangle region denotes the parallel bands which enhance the amplitude of the 
peaks 4 and 5 in the imaginary part of DF. The separating of the bands around Γ point near the Fermi level leads to 
a new peak at 0.7 eV that is split out from the first main peak as shown in Fig. 2(a) of the main text. 
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FIG. s17. Variation of the optical conductivity of dense lithium as a function of frequency in three electride phases 
under increasing pressure. The AC conductivity at low frequency illustrates the optical characteristics of the reentrant 
transition from metal to semi-metal, to insulator, and then back to a semi-metal phase. 
3. Extra material for oC40 
 
FIG. s18. (a) Structure of oC40 with an isosurface of ELF=0.88 at 70 GPa. Lithium ions are colored purple and the 
ELF isosurface is colored yellow. (b) 2D displays of the planes perpendicular to (010) crossing the interstitial 
electrons M1 and M2 marked in (a), respectively. The M3-M3 in the right panel of (b) denotes the chemical bond 
between adjacent M3s. oC40 has three types of ISQ. 
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FIG. s19. Comparison of the band structure of oC40 at (a) 70 and (b) 100 GPa. The circle size is proportional to the 
band s-character. The valence bands are counterintuitively narrowed by pressure. 
Insulating oC40 and semi-metallic cI16 have totally different symmetries, crystalline and 
electronic structures, and bonding. It’s easy to understand that the electronic bands of oC40 evolve 
differently with pressure from that of cI16, especially not forming evident degenerate states at Γ 
point. In addition, as discussions in the manuscript indicate, the cI16 structure is distorted from the 
bcc structure, where only a few pairs of lithium ions in cI16 are separated by a distance while many 
others’ locations remain unchanged. These unchanged ions also keep relatively unmoved when 
pressure rises from 40 to 70 GPa. However, the structure of oC40 is optimized more freely and 
completely at high pressure. All ions will move due to less symmetry constraints when pressure 
changes, only the distance of very special bonding atoms/quasi-atoms will keep unchanged7. Thus, 
the modification of electronic structure in oC40 is more intuitive, in which the conduction bands 
not far from the Fermi level are stretched due to different ratios of 2s contribution. In cI16, due to 
unique structural distortion and the nesting structure, the electronic structure at Γ  point alters 
abnormally, forming a triply-degenerate state at 70 GPa. 
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4. Extra material for oC24 
 
FIG. s20. (a) Structure of oC24 with an isosurface of ELF=0.88 at 100 GPa. Lithium ions are colored purple and the 
ELF isosurface is colored yellow. (b) A 2D display of the plane perpendicular to (100) crossing the interstitial 
electrons M1 as marked in (a). oC24 has two types of ISQ.  
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FIG. s21. The calculated anisotropy in the optical properties of oC24 at 100 GPa: (a) the imaginary part of DF; (b) 
the reflectivity. The anisotropy is weak in the visible light range (1.6-3.2 eV), but becomes noticeable in the 
ultraviolet regime.  
 
oC24 phase inherits a layered structure from oC40, but has a higher symmetry, with a 
centrosymmetric distribution of atoms within each layer. Layers A’ and B’ are just another layer of 
A and B with relative shifts. oC24 has two non-equivalent interstitial electronic localization 
positions on layer A and B (ELF = 0.921 and 0.908 at 115 GPa), respectively. This structural feature 
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accounts for the observed optical anisotropy. 
The interband contribution to DF from electronic transitions with light polarization along 𝑎 
axis in the low energy region is much larger than along the other two directions, though this 
anisotropy disappears gradually under further compression. By the analysis in the main text, the 
first peak in the imaginary DF occurs within the cone around Γ point and this anisotropy represents 
an uneven feature of the cone structure. The actual momenta of the second peak differ in the three 
directions. It is at 3.2 eV along 𝑎 axis, at 2.5 eV along 𝑏 axis, and with two smaller peaks replacing 
the main one along 𝑐 axis at 2.7 and 3.4 eV, respectively. However, the anisotropy in reflectivity is 
weak in infrared and visible light regime. But it becomes noticeable from 3 to 12 eV, as can be seen 
in Fig. s10. The reflectivity at 4 eV along 𝑎 axis is about 0.1 higher than that along 𝑏 and 𝑐 axis, 
which becomes much more disparate at 7 eV and 10 eV.  
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FIG. s22. Calculated electronic band structure and density of states of oC24 at 200 GPa. The main peaks of the 2s 
and 2p component overlap with each other exactly. The valence bands are consequently further narrowed, with 
striking localization of both s and p orbitals. But the cone structure is almost the same as oC24 at 100 GPa.  
 
The local details of electronic structure of oC24 near the Fermi surface actually changes subtly 
with pressure, as shown in FIG 9 and FIG S11. Its cone feature has more area across the Fermi 
surface and the corresponding energy bands around Γ point also moves relatively. Although the 
metallization of oC24 could change subtly, it remains weakly metallic up to 200 GPa.  
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FIG. s23. Variation of the spherically averaged imaginary part of DF in oC24 at 115, 150, and 200 GPa, respectively. 
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5. Extra data of optical properties 
Table s2. The reflectivity, refractive index, and absorption coefficient of high-pressure electride phases of lithium at 
pressures from 40 to 200 GPa at a frequency of 2, 3 and 4 eV, respectively. Note that oC24 is the most transparent 
one in the visible light range, even though it is metallic. 
2 eV pressure (GPa) Reflectivity Refractive index Absorption coefficient 
fcc 40 0.94 0.34 8.8 
cI16 40 0.71 1.5 7.6 
70 0.45 2.2 4.8 
70 (x=0.048) 0.60 2.6 7.2 
oC40 70 0.53 3.9 6.1 
85 (along a axis) 0.56 4.2 6.6 
85 (along b axis) 0.42 3.8 3.6 
85 (along c axis) 0.53 4.6 5.7 
100 0.49 4.4 4.4 
oC24 100 0.35 3.4 2.6 
200 0.31 3.1 2.0 
 
    
3 eV pressure (GPa) Reflectivity Refractive index Absorption coefficient 
fcc 40 0.92 0.15 7.9 
cI16 40 0.70 0.70 7.6 
70 0.54 1.6 8.0 
70 (x=0.048) 0.56 1.0 6.9 
oC40 70 0.50 2.2 8.1 
85 (along a axis) 0.51 2.4 8.5 
85 (along b axis) 0.39 2.6 6.1 
85 (along c axis) 0.53 2.4 8.9 
100 0.46 2.6 7.5 
oC24 100 0.40 2.9 6.0 
200 0.32 3.1 3.8 
 
    
4 eV pressure (GPa) Reflectivity Refractive index Absorption coefficient 
fcc 40 0.90 0.10 6.8 
cI16 40 0.65 0.38 6.3 
70 0.30 0.85 4.8 
70 (x=0.048) 0.61 0.59 7.4 
oC40 70 0.49 1.6 9.6 
85 (along a axis) 0.52 1.3 9.2 
85 (along b axis) 0.38 2.2 7.9 
85 (along c axis) 0.42 1.7 8.5 
100 0.44 1.7 8.8 
oC24 100 0.43 2.0 8.9 
200 0.36 2.6 7.2 
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6. ELF information on the three electride phases 
Table s3: Bader charge and ELF analysis of dense lithium. 
Structure fcc cI16 oC40 oC24 
Pressure (GPa) 40 40 70 70 100 100 200 
Charge of each ion 2.28 2.29 2.32 2.32 2.34 2.35 2.39 
ISQ charge occupation (from Bader analysis) 23.8% 23.6% 22.8% 22.7% 22.0% 21.8% 20.4% 
Maximum of ELF (interstitial) 0.861 0.914 0.94 0.961 0.959 0.921 0.918 
Interstitial space occupation (ELF>0.9) 0.00% 0.49% 2.53% 2.46% 2.90% 0.65% 0.47% 
Interstitial space occupation (ELF>0.8) 2.39% 7.26% 8.94% 9.26% 9.37% 6.58% 4.88% 
 
Table s3 is to aid us understand the electron distribution in the electride phases of lithium. The 
occupation of interstitial space with high ELF is calculated to represent the degree of the electron 
localization. The localization is greatly enhanced for cI16 from 40 to 70 GPa, as the occupation 
volume with ELF greater than 0.9 increases 5 times compared to other two phases. This striking 
change in the electron distribution results in a structural distortion of cI16, as discussed in the main 
text. The localization of oC24 is weakened at high pressure, which shows a weak metallic behavior.  
7. Extra discussion 
The 2p contribution to the orbitals around ions certainly increases with pressure from 40 to 200 
GPa and it plays a significant role in dense lithium. With the increase of 2p contribution, the 𝑝𝜋 
bonding in cI16 becomes more saturated, allowing more valence electrons to localize at interstitial 
space. Thus, the structure of cI16 is gradually distorted with the increment of the internal coordinate 
x, creating more room in the interstitial region. Due to the nesting structure in cI16, there exists an 
energy gap between the highest not fully occupied valence band and the lowest conduction band. 
The gap becomes bigger with pressure and finally the structure stabilized by the 𝑝𝜋 bonding is not 
stable anymore. The low-symmetric insulating oC40 has a lower enthalpy above 66 GPa due to the 
saturated multi-centered chemical bonding and the bonding between interstitial electrons of E17-9. 
Under further compression the structure alters subtly, and the energy gap becomes larger, because 
the 2s contribution at Γ-Z, Z-T, and T-Y makes the lowest conduction bands rises faster than the 
highest valence bands with the 2p contribution. As atomic structure becomes harder, the increasing 
of 2p contribution becomes slower and it is not the main causes of these structural changes. The 
repulsion of interstitial electrons is more evident, making the energy reach the value for bond 
cleavage. Some interstitial electrons tend to be free. As a result, dense lithium transits into the 
reentrant weak metallic phase oC24. It can be confirmed by that the maximum of ELF in oC40 and 
oC24 decreases continuously with pressure.  
As Figures 1, 6, and 9 in the main text show, the major peaks in the excitation spectra are 
related to those excitations from the highly occupied 2p states not far below the Fermi surface to 
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the corresponding 2s states in conduction bands. As external pressure rises, though the 2p 
contribution in valence bands increases, the 2s states contributes more to the changes of excitation 
spectra, because they rise far faster than the 2p states in band structure, resulting in the movement 
of the excitation spectra to higher frequencies. Except this, the changes of excitation spectra in cI16 
is unique compared to oC40 and oC24, due to its structural distortion as we discussed in the 
manuscript, which is highly related to the 2p contribution.  
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